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Abstract: Background: Acute myeloid leukemia is a heterogeneous hematological disease, characterized
by karyotypic and molecular alterations. Mutations in IDH2 have a role in diagnosis and as a minimal
residue disease marker. Often the variant allele frequency during follow up is less than 20%, which
represents the limit of detection of Sanger sequencing. Therefore, the development of sensitive
methodologies to identify IDH2 mutations might help to monitor patients’ response to therapy.
We compared three different methods to identify and monitor IDH2 mutations in patients’ specimens.
Methods: Performances of PNA-PCR clamping, droplet digital PCR and Sanger for IDH2 status
identification were evaluated and compared in 96 DNA patients’ specimens. Results: In contrast
with Sanger sequencing, our results highlighted the concordance between PNA clamping and digital
PCR. Furthermore, PNA-PCR clamping was able to detect more mutated DNA with respect to Sanger
sequencing that showed several false negatives independently from the allelic frequency. Conclusions:
We found that PNA-PCR clamping and digital PCR identified IDH2 mutations in DNA samples with
comparable results in a percentage significantly higher compared to Sanger sequencing. PNA-PCR
clamping can be used even in laboratories not equipped for sophisticated analyses, decreasing cost
and time for IDH2 characterization.
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1. Introduction
Acute myeloid leukemia (AML) is a malignant neoplasm characterized by a blockade in the
differentiation of hematopoietic stem cells, with consequent abnormal accumulation of immature
myeloid blasts and reduced production of mature blood cells [1]. AML is one of the most frequent
disorders, constituting about 30% of cases of leukemia in adulthood [2]. Its incidence increased
significantly with age, with an average at diagnosis of 65 years [3,4]. Although modern medicine tries
to characterize AML, its prognostic stratification is still based on cytogenetic and on the detection of
known mutations. The development of effective methodologies to identify new targets and to stratify
patients is mandatory, with the goal of allowing each patient to receive a tailored therapy and to predict
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the probability of response. Although the precise prognostic significance of some molecular markers is
still unclear, they might become interesting for the presence of specific drugs that target them: this
is the case of the gene “isocitrate dehydrogenase 2” (IDH2) [5]. The Food and Drug Administration
has recently approved Enasidenib, a specific molecular inhibitor for patients with AML with mutated
IDH2. IDH2 is an enzyme that catalyzes the first oxidative decarboxylation reaction of the isocitrate to
α-ketoglutarate (α-KG) in the tricarboxylic acid cycle. Mutations in the IDH2 gene occur in 8–19%
of patients with AML [6], with high frequencies in older patients. The most frequent mutations of
IDH2, which affect over 95% of IDH2 mutated patients, involve the arginine residues in position
R140 and R172. Mutant proteins acquire the ability to reduce the α-KG to (R)-2-hydroxyglutarate
(2-HG). This oncometabolite competitively inhibits α-KG-dependent epigenetic regulators, including
histone demethylases. Consequently, 2-HG accumulation leads to DNA hypermethylation, blocking
cellular differentiation [7–9]. Furthermore, 2-HG also involves RNA epigenetic modification, especially
N6-methyladenosine (m6A), via FTO [10]. The persistence of IDH2 mutations was observed in about
40% of AML patients in complete remission (CR) or in complete remission with incomplete hematologic
recovery (CRi) and is associated with a greater risk of recurrence [11]. This suggested the use of IDH2
as possible molecular markers for MRD, particularly in the absence of other molecular alterations [12].
For these reasons, it is mandatory to monitor IDH2 mutations to better characterize AML patients.
To evaluate the IDH2 status in AML patients, Sanger sequencing and droplet digital PCR (ddPCR)
are considered useful molecular approaches. Sanger sequencing is the most used method with a
limitation due to its poor limit of detection (−20%), in contrast, ddPCR has recently emerged as a highly
sensitive and accurate technology [13]. Both these methods have the disadvantage of needing expensive
apparatus and reagents. With the purpose of identifying a new molecular technique that is fast and
cheap but with a sensitivity comparable to ddPCR, we developed a novel assay using peptide nucleic
acid (PNA)-PCR clamping to detect IDH2 R140Q and R172K mutations. PNA is a synthetic polymer
analogous to DNA and RNA, with a skeleton characterized by repeating N-(2-aminoethyl)-glycine
units linked by peptide bonds [14]. Unlike primers, PNA probes lack pentose sugar-phosphate groups,
so PNA/DNA binding is stronger than DNA/DNA duplex. In addition, PNA/DNA complex is so
specific that a single base mismatch can destabilize it [15]. Finally, PNA oligomers are not degraded or
recognized by polymerase and therefore cannot be directly used as primers [16]. Our method exploits
the ability of PNA to hybridize very specifically to DNA, without being extended by a polymerase,
consequently suppressing DNA amplification [17–19].
2. Experimental Section
2.1. Patient’s Cohort
After informed consent, 96 DNA was extracted from human bone marrow or peripheral blood of
AML patients (74 at diagnosis and 22 during follow up). DNA was extracted using Maxwell 16 Blood
DNA Purification kit (Promega, Milan, Italy), following the manufacturer’s instructions. Patients were
characterized at the cytogenetic level by conventional karyotyping and screened by Real-Time PCR for
the presence of the most frequent fusion transcripts, as previously described [20]. NPM1 [21] and FLT3
ITD [22] mutations were screened and WT1 mRNA levels were also evaluated [23]. Patients younger
than 60 years were treated following standard protocols established by the GIMEMA Cooperative
Group for the treatment of adult patients with AML [17]. Elderly and unfit patients were treated as
previously described [17]. The study was approved by the local ethics committee of San Luigi Hospital,
Orbassano, Turin (Number of approval 201/2014).
2.2. Cloning PCR Controls with pGEM®—T Easy Vector
Plasmids used as positive controls were generated amplifying IDH2 R140Q and R172K from
mutated AML patients with the following primers: forward 5′-AGACTCCAGAGCCCACACAT-3′ and
reverse 5′-CTCGTCGGTGTTGTACATGC-3′. Subsequently, the PCRs were purified by QIAquick Gel
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Extraction Kit (Qiagen, Hildem, Germany) and cloned in pGEM-T Easy Vector (Promega, Milan, Italy).
The sequences were verified by the capillary Sanger sequence method. All reactions were performed
following the manufacturer’s instructions.
2.3. Sanger Sequencing for IDH2mut Detection
To perform Sanger sequencing, IDH2 was amplified from DNA (50 ng) of AML patients and
analyzed by sequencing with BigDye terminator v3.1 (Applied Biosystem, Foster City, CA, USA) and
capillary electrophoresis on ABI PRISM 3130XL (Applied Biosystem, Foster City, CA, USA), using
primers described by Marcucci et al. [24]. Out of 96 patients’ samples, 91 were efficiently sequenced,
whereas for 5 samples, the sequences failed probably due to the quality of DNA. The sensitivity of the
method was previously estimated by serial dilutions experiments to be approximately 15–20% [25].
2.4. ddPCR for IDH2mut Detection
Detection of IDH2 R140Q and R172K (#dHsaMDV2010057 and #dHsaMDV2010059, respectively,
Biorad, Hercules, CA, USA) was performed by QX200 ddPCR system (Biorad, Hercules, CA, USA).
For IDH2mutdetection, 100 ng of each patient’s DNA and 0.2 pg of control plasmids were used. All reactions
were performed following the manufacturer’s instructions and generated evaluable data. Results were
expressed as a percentage of mutated allele compared to wild type (WT) [(IDH2mut/IDH2) ×100].
2.5. PNA Directed PCR Clamping for IDH2mut Detection
The method for the detection of IDH2 mutations by PNA-PCR clamping forecasted two PCR to
detect IDH2 R140Q and R172K, respectively. Primers and PNA probes for IDH2 amplification were
designed on DNA sequences NG_023302.1. DNA of patients (250 ng) were used to amplify a small
area of IDH2. PCR amplification for each mutation was carried out in duplicate in the presence (PNA+)
or in the absence (PNA−) of PNA probes. Primers and PNA probes sequences are listed in Table 1.
Table 1. Primers and PNA probes sequences for PNA-PCR clamping.
Primer/PNA Probe Sequence 5′-3′
IDH2 forward CCAATGGAACTATCCAGAACATC
IDH2 R140Q reverse CTCGTCGGTGTTGTACATGC
IDH2 R172K reverse TATATCGCCATGGGCGTGCTT
IDH2 R140Q PNA CTATCCGGAACATCCT
IDH2 R172K PNA TGGGCGTGCCTGCCAAT
PNA-PCR clamping for IDH2 R140Q: reaction volume was 50 µL and the final concentrations of
the reagents were as follow: MgCl2 [2.5 µM], 10X PCR Buffer [1X], dNTPs [200 nM], AmpliTaq 1U,
Primers [100 nM each], PNA probe [300 nM]. PCR conditions were as follows: 95 ◦C 2 min, (95 ◦C 15 s,
55 ◦C 15 s, 68 ◦C 30 s) for 40 cycles, 68 ◦C 5 min. PNA PCR clamping for IDH2 R172K: reaction volume
was 50 µL and the final concentrations of the reagents were as follows: MgCl2 [2.5 µM], 10× PCR Buffer
[1×], dNTPs [200 nM], AmpliTaq 1U, Primers [200 nM each], PNA probe [800 nM]. PCR conditions
were as follows: 95 ◦C 2 min, (95 ◦C 30 s, 58 ◦C 20 s, 68 ◦C 30 s) for 40 cycles, 68 ◦C 5 min. 1 pg of
each plasmid was used as control in PCR amplification. After PCR, 10 µL of each amplicon were
loaded on 2% Agarose-TBE 1× gel with 5 µg/mL Ethidium Bromide (EtBr) and run at 120 V for 30 min.
The electrophoretic runs were acquired with the ChemiDoc XRS+ (Biorad, Hercules, CA, USA) and
analyzed with the Image Lab software 4.0.1 (Biorad, Hercules, CA, USA). All reactions for each IDH2
mutation generated evaluable data that was compared to the other methodologies.
2.6. Statistical Analysis
Diagnostic test equivalency was checked with the McNemar statistical test. Diagnostic test
valuation was calculated with MedCalc software (MedCalc, Osten, Belgium). Sensitivity is defined as
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probability that a test result will be positive when the disease is present (true positive rate); specificity is
probability that a test result will be negative when the disease is not present (true negative rate); positive
likelihood ratio (LR+) is ratio between the probability of a positive test result given the presence of the
disease and the probability of a positive test result given the absence of the disease; negative likelihood
ratio (LR−) is the ratio between the probability of a negative test result given the presence of the disease
and the probability of a negative test result given the absence of the disease; positive predictive value
(PV+) is probability that the disease is present when the test is positive; negative predictive value (PV−)
is probability that the disease is not present when the test is negative and accuracy is defined as overall
probability that a patient will be correctly classified. Baseline characteristics were investigated using
Fisher’s exact test for categorical and unpaired t-test for continuous variables. Statistical analyses were
performed using GraphPad Prism 6 and R statistical software. All the analyses with a p-value minor or
equal to 0.05 were indicated as significant.
3. Results
3.1. IDH2 R140Q and R172K Detection by PNA-PCR Clamping
The method described forecasts an overlay between the sequences of PNA probes and the
competitor primers IDH2 forward and IDH2 R172K reverse (Table 1) respectively for the detection
of R140Q and R172K mutations, thus leading to a direct competition towards complementary DNA.
In the case of IDHwt, a perfect matching occurs between PNA (designed on reference sequence) and
DNA, so the PNA-template hybridization is favored, while DNA amplification results suppressed.
Contrariwise, a non-perfect matching (as in the case of IDH2mut) promotes the hybridization between
template and primer competitors, allowing a specific amplification (Figure 1).
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Figure 1. PNA-PCR clamping experimental design. Amplification of IDH2 was performed in presence
of PNA probe (light blue), designed on the WT sequence, and Primer competitor (purple), designed on
the mutated sequence. In these conditions, the PCR of the WT sequence is inhibited by the inability
of the primer competitor to detach the perfect hybridization PNA/DNA. In contrast, in the presence
of IDH2mut, PNA/DNA duplex is highly destabilized by the Primer competitor, allowing a strong
amplification of the target sequence.
The amplifications have been carried out in duplicate, in presence (PNA+) or absence (PNA−) of
the PNA probes, for both IDH2 R140Q and R172K reactions. The result was interpreted by reading the
double loading for each patient: IDH2wt if there was no amplification in (PNA+) and amplification
in (PNA−); IDH2mut if there was amplification in both (PNA+) and (PNA−) mixtures. Each DNA
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sample has been screened for both IDH2 R140Q and R172K with two different PCR (Figure 2A).
The detection limit of the assays has been assessed by mixing, at a different ratio, pGEMT-IDH2mut
and pGEMT-IDH2wt. Dilutions were as follows: 100, 50, 30, 20, 10, 5, 1 and 0.5% pGEMT-IDH2mut vs.
pGEMT-IDH2wt template. The method displayed a low detection limit, allowing us to identify an
amount of IDH2 R140Q template as low as 1% and IDH2 R172K template as low as 0.5%, which cannot
be identified by Sanger sequencing (Figure 2B).
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Figure 2. Electrophoretic runs of PCR reactions: 10µL of each amplicon were loaded on 2% Agarose-TBE
1× gel with 5 µg/mL EtBr and run at 120 V for 30 min. PNA-PCR clamping for IDH2 R140Q and R172K
carried out in absence (PNA−) or in presence (PNA+) of the PNA probe. (A) PNA-PCR clamping in
DNA from AML samples and control plasmid. The results, read in duplicate, were: IDH2 WT, if there
was no amplification in (PNA+) and amplification in (PNA−) in both the PCR (for R140Q and R172K
reaction); IDH2 R140Q, if there was amplification in both (PNA+) and (P A−) in R140Q reaction and
there was no amplification in (PNA+) and amplification in (PNA−) in R172K reaction; IDH2 R172K, if
there was amplification in both (PNA+) and (PNA−) in R172K reaction and there was no amplification
in (PNA+) and amplification in (PNA−) in R140Q reaction. (B) PNA-PCR clamping sensitivity assessed
mixing at different ratio IDH2mut and IDH2wt te plate in the same PCR reaction. Dilutions were as
follows: 100, 50, 30, 20, 10, 5, 1 and 0.5% IDH2mut (R140Q or R172K) all br ught to 100% with the
respective amount of IDH2wt template. The p rcentage of the mutated template is in icated. Red
boxes highlight the limit of detection of the PNA-PCR clamping method for e ch mutation in the study.
3.2. Comparison of Sanger Sequencing, PNA-PCR Clamping and ddPCR for the IDH2mut Detection
Due to the high sensitivity of ddPCR [13], confirmed also in our hands, we considered ddPCR
as the reference technique, and we compared the performances of Sanger sequencing and PNA-PCR
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clamping methods. PNA-PCR clamping, Sanger Sequencing, and the ddPCR were utilized to blind-test
96 DNA from AML patients (74 at diagnosis and 22 during follow-up) for IDH2 mutations. Since
the IDH2 mutations, R140Q and R172K include more than 95% of all IDH2 mutations in AML,
we subsequently considered the results as a whole, without distinguishing between them. In particular,
ddPCR and Sanger identified congruently 70 negative and 14 positive patients. By contrast, seven
patients identified as positive by ddPCR were missed in Sanger analysis. Although the two techniques
are in agreement in 92.3% of analysis, they are significantly different according to McNemar’s test that
checked the disagreements between two matched cases (p = 0.02 for Sanger vs. ddPCR) (Figure 3A).
As shown in the agreement plot (Figure 3B), PNA clamping and ddPCR were in accordance with 96.9%
of the analysis with only three patients differently detected by the PNA clamping test. The agreement
between ddPCR and PNA-PCR clamping was confirmed also by McNemar’s test that does not highlight
differences in the proportion of disagreement data (p > 0.05).
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Figure 3. Agreement charts for comparing IDH2 status evaluation techniques. In agreement plots,
the black blocks indicate the accordance of results for each method with respect to the ddPCR, selected
as a calibrator for the analysis. ddPCR and PNA-PCR clamping (B) had a greater agreement with
respect to ddPCR and Sanger sequencing (A), as also suggested by the shorter segment of the red 45◦
diagonal line not included in the black blocks. The 2 × 2 tables alongside underline the differences of
each methodology with respect to ddPCR.
Figure 4 shows an example of three DNA from AML patients tested with the three different
techniques: PNA-PCR clamping (Figure 4A), Sanger sequencing (Figure 4B) and ddPCR (Figure 4C).
The example shows that all techniques correctly identified IDH2 status for patient #1 and #2, wild type
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and mutated in heterozygosis (47.4% of mutation quantified by ddPCR), respectively. By contrast,
patient #3 resulted in IDH2 mutated by ddPCR and PNA-PCR clamping, while Sanger sequencing
failed to identify the IDH2 mutation (16.4% of mutation quantified by ddPCR).
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sensitivity and specificity, LR+ and LR−, PV+ and PV−. Results indicated that, although specificity
and PV− resulted equal for both methods (100%), PNA-PCR clamping was ore sensible and accurate
than Sanger sequencing (87.5 vs. 66.7% and 96.9 vs. 92.3%, respectively). Further, it showed a better
LR− and PV−with respect to the Sanger method (0.12 vs. 0.33 and 96.0 vs. 90.9%, respectively).
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Figure 5. IDH2 status evaluation techniques detection limits and results agreement. The graphs indicate
all the variant allelic frequency (VAF) of IDH2 mutations identified in AML patients with ddPCR and
sorted from 0% (WT) to 50% mutated (heterozygous). ddPCR identified IDH2 mutant already by 0.6%
of VAF, while PNA-PCR clamping failed to identify positive patients under the 1% of VAF (zoom of
this region is showed in the dotted circle). Contrariwise, the discriminatory ability of Sanger sequence
was randomly distributed in all ranges of IDH2 mutation percentage, decreasing the robustness of the
analysis. Negative (−), positive (+) and false negative (*).
3.3. Prevalence of I 2 ut in L Sa ples
ccording to previously published data [26], ddPCR detected IDH2mut in 12 out of 74 patients at
diagnosis (16.2% of the samples), PNA-PCR clamping in 11 (14.8%) and Sanger sequencing in only
nine (12.1 ). e co pared the baseline characteristics of patients carrying the I 2 ut and I 2 t
patients. e did not find any significant correlation between IDH2mut and age, sex, molecular lesions,
and WT1 expression at diagnosis. In accordance with published data, the IDH2 R140Q and R172K
mutations were significantly associated with a normal karyotype (p = 0.04) [27]. In particular, only one
out of 12 mutated patients showed MLL rearrangement between exon 10 and exon 2. Three patients
were treated with Enasidenib, two of them became negative for IDH2 mutation by PNA-PCR clamping
and with 0.6% of residual mutation by ddPCR, one remained positive by both methods (43% by ddPCR).
One patient was treated with chemotherapy and the utation was etectable during follow-up by
PNA-PCR clamping and ddP (from 45% at diagnosis to 38.5 after induction chemotherapy). Finally,
one patient was treated with azacitidine and remained stable from 45% to 47% by ddPCR.
4. Discussion
AML is a heterogeneous hematological disease, characterized by several karyotypic and molecular
alterations. Among these, mutations in IDH2 gene are found in 8–19% of AML patients [26].
The prognostic significance of IDH2 mutation at diagnosis is not completely clear and even less clear is
the persistence of IDH2 mutation after chemotherapy, therefore the role of IDH2 mutation as a marker of
MRD needs investigation [12]. In clinical practice, the evaluation of IDH2 mutations allows a targeted
therapeutic choice, based on a specific IDH2 selective inhibitor (Enasidenib) [28,29]. Frequently the
mutated clones at diagnosis are small with a variant allele frequency (VAF) less than 20%, the limit
of detection of Sanger sequencing. Furthermore, the identification of residual clones after therapy
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requires highly sensitive techniques. In this study, we compared a new technology that is sensible, fast,
and cheap to identify and monitor IDH2 mutations based on PNA-PCR clamping and we compared this
technique with droplet digital PCR and Sanger sequencing. In our study, PNA-PCR clamping rapidly
identified IDH2 R140Q and R172K mutations in DNA samples with results comparable to ddPCR.
In the last years, the PNA-PCR clamping technique showed high efficiency, sensitivity, and specificity
and its results were faster and cheaper compared with Sanger sequencing [17–19]. We evaluated
the IDH2 status in 96 DNA samples from AML patients with the three methods and we observed
that PNA-PCR clamping was in accordance with ddPCR results, in contrast, there was a significant
disagreement between Sanger sequencing and the ddPCR results. PNA-PCR clamping showed a limit
of detection of about 1% of mutations that was extrapolated in vitro by serial dilutions of mutated
plasmids and subsequently confirmed in DNA samples from AML patients. This limit of detection is
markedly lower compared to the Sanger method, estimated in the literature to be 15–20% [25]. Further,
in our analysis, Sanger sequencing showed some cases of false-negative not correlated with VAF. These
sequencing results were probably affected by several external conditions, for example, the quality
of DNA. Interestingly, in the same samples, the mutations were detected by PNA-PCR clamping in
accordance with ddPCR. This data suggested that PNA-PCR clamping could be an effective method to
monitor IDH2 mutations especially during follow up, where the allele frequency is often below the
limit of detection of Sanger sequencing.
Possible disadvantages of our technique could be represented by the fact that PNA-PCR clamping
allows only a targeted analysis thus identifying specific mutations defined a priori and it is not
able to distinguish a mixed population that often characterizes leukemia. However, these are also
limits of Sanger sequencing and ddPCR. This limitation could be overcome only by expensive and
time-consuming next-generation sequencing. Considering the accuracy and sensitivity of PNA-PCR
clamping, close to ddPCR, its rapidity and its cost, it could be used to early diagnose the presence of
IDH2 mutations, allowing patients to begin a targeted therapy in a reasonable time interval.
5. Conclusions
In conclusion, considering the relevance of IDH2 mutation as a diagnostic and prognostic marker,
PNA-PCR clamping could be considered a valid alternative to Sanger sequencing in routine tests and
to follow MRD. Further, our assay could be used even in laboratories not equipped for sophisticated
analyses, resulting in a faster and cheaper method than the Sanger method and ddPCR, allowing a
decrease in the cost and time for advances in molecular investigation and to correctly characterize
AML IDH2 mutated patients.
6. Patents
The PNA-PCR clamping assay for IDH2 mutations has been patented by VR, JP, DC and by the
University of Turin (Italian patent number 102016000042586).
Author Contributions: Conceptualization, J.P. and V.R.; data curation, J.P., V.R., M.L., and M.L.I.; funding
acquisition, G.S.; methodology, J.P., V.R., E.C., V.F., and D.C.; resources, G.A., M.D., M.D.G., and M.L.; supervision,
M.D.G., G.S., C.F., M.L.I., and D.C.; validation, J.P. and V.R.; writing—original draft, J.P., M.L.I., and D.C. All authors
have read and agree to the published version of the manuscript.
Funding: This research was funded by AIRC, grant number 10005.
Acknowledgments: We thank Marilisa Marinelli for technical support.
Conflicts of Interest: J.P., V.R., and D.C. have patented the PNA-PCR Clamping assay for IDH2 mutations in
collaboration with the University of Turin (Italian patent number 102016000042586). The other authors declare no
conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.
J. Clin. Med. 2020, 9, 271 10 of 11
References
1. Ferrara, F.; Schiffer, C.A. Acute myeloid leukaemia in adults. Lancet 2013, 381, 484–495. [CrossRef]
2. Song, X.; Peng, Y.; Wang, X.; Chen, Y.; Jin, L.; Yang, T.; Qian, M.; Ni, W.; Tong, X.; Lan, J. Incidence, Survival,
and Risk Factors for Adults with Acute Myeloid Leukemia Not Otherwise Specified and Acute Myeloid
Leukemia with Recurrent Genetic Abnormalities: Analysis of the Surveillance, Epidemiology, and End
Results (SEER) Database, 2001–2013. Acta Haematol. 2018, 139, 115–127. [CrossRef]
3. Deschler, B.; Lubbert, M. Acute myeloid leukemia: Epidemiology and etiology. Cancer 2006, 107, 2099–2107.
[CrossRef]
4. Juliusson, G.; Lazarevic, V.; Horstedt, A.S.; Hagberg, O.; Hoglund, M.; Swedish Acute Leukemia Registry
Group. Acute myeloid leukemia in the real world: Why population-based registries are needed. Blood 2012,
119, 3890–3899. [CrossRef]
5. Dohner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Buchner, T.; Dombret, H.; Ebert, B.L.;
Fenaux, P.; Larson, R.A.; et al. Diagnosis and management of AML in adults: 2017 ELN recommendations
from an international expert panel. Blood 2017, 129, 424–447. [CrossRef]
6. Dohner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute Myeloid Leukemia. N. Engl. J. Med. 2015, 373, 1136–1152.
[CrossRef]
7. Chowdhury, R.; Yeoh, K.K.; Tian, Y.M.; Hillringhaus, L.; Bagg, E.A.; Rose, N.R.; Leung, I.K.; Li, X.S.;
Woon, E.C.; Yang, M.; et al. The oncometabolite 2-hydroxyglutarate inhibits histone lysine demethylases.
EMBO Rep. 2011, 12, 463–469. [CrossRef]
8. Figueroa, M.E.; Abdel-Wahab, O.; Lu, C.; Ward, P.S.; Patel, J.; Shih, A.; Li, Y.; Bhagwat, N.; Vasanthakumar, A.;
Fernandez, H.F.; et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt
TET2 function, and impair hematopoietic differentiation. Cancer Cell 2010, 18, 553–567. [CrossRef]
9. Xu, W.; Yang, H.; Liu, Y.; Yang, Y.; Wang, P.; Kim, S.H.; Ito, S.; Yang, C.; Wang, P.; Xiao, M.T.; et al.
Oncometabolite 2-hydroxyglutarate is a competitive inhibitor of alpha-ketoglutarate-dependent dioxygenases.
Cancer Cell 2011, 19, 17–30. [CrossRef]
10. Deng, X.; Su, R.; Weng, H.; Huang, H.; Li, Z.; Chen, J. RNA N(6)-methyladenosine modification in cancers:
Current status and perspectives. Cell Res. 2018, 28, 507–517. [CrossRef]
11. Debarri, H.; Lebon, D.; Roumier, C.; Cheok, M.; Marceau-Renaut, A.; Nibourel, O.; Geffroy, S.; Helevaut, N.;
Rousselot, P.; Gruson, B.; et al. IDH1/2 but not DNMT3A mutations are suitable targets for minimal residual
disease monitoring in acute myeloid leukemia patients: A study by the Acute Leukemia French Association.
Oncotarget 2015, 6, 42345–42353. [CrossRef]
12. Ok, C.Y.; Loghavi, S.; Sui, D.; Wei, P.; Kanagal-Shamanna, R.; Yin, C.C.; Zuo, Z.; Routbort, M.J.; Tang, G.;
Tang, Z.; et al. Persistent IDH1/2 mutations in remission can predict relapse in patients with acute myeloid
leukemia. Haematologica 2019, 104, 305–311. [CrossRef]
13. Cilloni, D.; Petiti, J.; Rosso, V.; Andreani, G.; Dragani, M.; Fava, C.; Saglio, G. Digital PCR in Myeloid
Malignancies: Ready to Replace Quantitative PCR? Int. J. Mol. Sci. 2019, 20, 2249. [CrossRef]
14. Nielsen, P.E.; Egholm, M.; Berg, R.H.; Buchardt, O. Sequence-selective recognition of DNA by strand
displacement with a thymine-substituted polyamide. Science 1991, 254, 1497–1500. [CrossRef]
15. Egholm, M.; Buchardt, O.; Christensen, L.; Behrens, C.; Freier, S.M.; Driver, D.A.; Berg, R.H.; Kim, S.K.;
Norden, B.; Nielsen, P.E. PNA hybridizes to complementary oligonucleotides obeying the Watson-Crick
hydrogen-bonding rules. Nature 1993, 365, 566–568. [CrossRef]
16. Kyger, E.M.; Krevolin, M.D.; Powell, M.J. Detection of the hereditary hemochromatosis gene mutation by
real-time fluorescence polymerase chain reaction and peptide nucleic acid clamping. Anal. Biochem. 1998,
260, 142–148. [CrossRef]
17. Petiti, J.; Rosso, V.; Lo Iacono, M.; Calabrese, C.; Signorino, E.; Gaidano, V.; Berger, M.; Saglio, G.; Cilloni, D.
Prognostic significance of The Wilms’ Tumor-1 (WT1) rs16754 polymorphism in acute myeloid leukemia.
Leuk. Res. 2018, 67, 6–11. [CrossRef]
18. Rosso, V.; Bracco, E.; Pedrola, R.; Carturan, S.; Signorino, E.; Petiti, J.; Calabrese, C.; Nicoli, P.; De Gobbi, M.;
Gaidano, V.; et al. Detection of BCR-ABL T315I mutation by peptide nucleic acid directed PCR clamping and
by peptide nucleic acid FISH. Biomark. Res. 2015, 3, 15. [CrossRef]
J. Clin. Med. 2020, 9, 271 11 of 11
19. Rosso, V.; Petiti, J.; Bracco, E.; Pedrola, R.; Carnuccio, F.; Signorino, E.; Carturan, S.; Calabrese, C.; Bot-Sartor, G.;
Ronconi, M.; et al. A novel assay to detect calreticulin mutations in myeloproliferative neoplasms.Oncotarget 2017,
8, 6399–6405. [CrossRef]
20. Gorello, P.; Cazzaniga, G.; Alberti, F.; Dell’Oro, M.G.; Gottardi, E.; Specchia, G.; Roti, G.; Rosati, R.;
Martelli, M.F.; Diverio, D.; et al. Quantitative assessment of minimal residual disease in acute myeloid
leukemia carrying nucleophosmin (NPM1) gene mutations. Leukemia 2006, 20, 1103–1108. [CrossRef]
21. Gabert, J.; Beillard, E.; van der Velden, V.H.; Bi, W.; Grimwade, D.; Pallisgaard, N.; Barbany, G.; Cazzaniga, G.;
Cayuela, J.M.; Cave, H.; et al. Standardization and quality control studies of ‘real-time’ quantitative
reverse transcriptase polymerase chain reaction of fusion gene transcripts for residual disease detection in
leukemia—A Europe Against Cancer program. Leukemia 2003, 17, 2318–2357. [CrossRef] [PubMed]
22. Mancini, M.; Hasan, S.K.; Ottone, T.; Lavorgna, S.; Ciardi, C.; Angelini, D.F.; Agostini, F.; Venditti, A.;
Lo-Coco, F. Two novel methods for rapid detection and quantification of DNMT3A R882 mutations in acute
myeloid leukemia. J. Mol. Diagn. 2015, 17, 179–184. [CrossRef] [PubMed]
23. Cilloni, D.; Renneville, A.; Hermitte, F.; Hills, R.K.; Daly, S.; Jovanovic, J.V.; Gottardi, E.; Fava, M.; Schnittger, S.;
Weiss, T.; et al. Real-time quantitative polymerase chain reaction detection of minimal residual disease by
standardized WT1 assay to enhance risk stratification in acute myeloid leukemia: A European LeukemiaNet
study. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 5195–5201. [CrossRef] [PubMed]
24. Marcucci, G.; Maharry, K.; Wu, Y.Z.; Radmacher, M.D.; Mrozek, K.; Margeson, D.; Holland, K.B.; Whitman, S.P.;
Becker, H.; Schwind, S.; et al. IDH1 and IDH2 gene mutations identify novel molecular subsets within de
novo cytogenetically normal acute myeloid leukemia: A Cancer and Leukemia Group B study. J. Clin. Oncol.
Off. J. Am. Soc. Clin. Oncol. 2010, 28, 2348–2355. [CrossRef]
25. Oliner, K.; Juan, T.; Suggs, S.; Wolf, M.; Sarosi, I.; Freeman, D.J.; Gyuris, T.; Baron, W.; Bakker, A.; Parker, A.;
et al. A comparability study of 5 commercial KRAS tests. Diagn. Pathol. 2010, 5, 23. [CrossRef]
26. Patel, K.P.; Ravandi, F.; Ma, D.; Paladugu, A.; Barkoh, B.A.; Medeiros, L.J.; Luthra, R. Acute myeloid leukemia
with IDH1 or IDH2 mutation: Frequency and clinicopathologic features. Am. J. Clin. Pathol. 2011, 135, 35–45.
[CrossRef]
27. Chotirat, S.; Thongnoppakhun, W.; Promsuwicha, O.; Boonthimat, C.; Auewarakul, C.U. Molecular alterations
of isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) metabolic genes and additional genetic mutations in
newly diagnosed acute myeloid leukemia patients. J. Hematol. Oncol. 2012, 5, 5. [CrossRef]
28. Dang, L.; Yen, K.; Attar, E.C. IDH mutations in cancer and progress toward development of targeted
therapeutics. Ann. Oncol. Off. J. Eur. Soc. Med Oncol. 2016, 27, 599–608. [CrossRef]
29. Petrova, L.; Vrbacky, F.; Lanska, M.; Zavrelova, A.; Zak, P.; Hrochova, K. IDH1 and IDH2 mutations in patients
with acute myeloid leukemia: Suitable targets for minimal residual disease monitoring? Clin. Biochem. 2018,
61, 34–39. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
